Introduction
The argon-oxygen decarburization (AOD) process has been widely used and rapidly developed throughout the world due to its remarkable advantages, now being an integral part of the manufacturing route of stainless steel. Especially, in the recent years, taking high-carbon highchromium hot metal as the main raw material with combined side and top blowing operation has been in quite extensive use, particularly in a large converter for decreasing the scrap and energy consumptions and the production cost. This is one of technological progresses of the process and has become a development tendency.
During the past several decades, simultaneously, many investigations on mathematical modeling for the process with horizontal side (traditional) blowing have been conducted. Numerous models have been developed to make its technological optimization and computer control, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] which have been reviewed by Wei and Zhu. 12) Also, considering the strong and weak points of those models, they studied further this process, developing a more reasonable and reliable mathematical model for the decarburization during the process. 12) In the model, the influences of the various operations, non-isothermal conditions and others were all taken into account. The model was applied to the steelmaking of 18Cr9Ni-grade in an 18 t AOD vessel with two side tuyeres, obtaining good results and useful information. 13) The situations in a combined side and top blowing AOD refining process are much more complicate than those in a simple side blowing one as a result of introducing an oxygen top blowing jet for intensifying and accelerating decarburization. Thus, it will be more difficult to mathematically model this type process. Our group [14] [15] [16] first investigated preliminarily mathematical modeling of the complicate process. Noticing the related physical and chemical characteristics including the thermodynamic and kinetic properties, considering the heat and mass balances of the system and the effects of the various operations, a mathematical model for the whole refining process of stainless steel, including the oxidizing and reducing, was proposed. The model was used to simulate and estimate the designed refining of austenitic stainless steel in a 120 t AOD converter with seven side tuyeres and one top lance. Quite good results were obtained, providing useful information for putting the converter into operation. However, the converter was not completed when carrying out the investigation, thus having no practical example of production and lacking many key data. In this case, the related initial and boundary conditions, the physical properties of the refractory materials and others used for simulating and estimating could not be more properly determined, and also had considerable deviations from the existing practice. Moreover, the heat
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losses of the parts of the vessel were approximately evaluated only based on the one-dimensional transient heat-conduction problems, like those done in mathematical modeling of simple side blowing AOD process. 12, 13) In this case, the heat balance made for the system was not accurate enough, difficult to consider properly the non-isothermal conditions of the process. Therefore, a new mathematical model has been proposed and developed. In this new model, particularly, the heat transfer analysis of the vessel has been improved. In order to examine its applicability to practice, it has been applied to 28 heats of 304-grade austenitic stainless steel refining in a 120 t AOD converter. Also, the influences of the related factors on the refining result and the optimization of the blowing technology have been considered on the basis of the model predictions. 14, [16] [17] [18] The oxygen top blowing operation does not change the numbers of substances and independent components in the system. Thus, it cannot alter the refining reaction schemes, which would be entirely the same as those in a simple side blowing. If the oxidation losses of the elements dissolved in the steel other than C, Cr, Si, and Mn are not considered, the two sets of independent reaction equilibria in the system, which are respectively corresponding to the indirect oxidation of the four elements in the steel and the direct reduction of the oxides in the slag by the carbon in the steel, can be generated from the direct oxidation reactions of the elements and Fe as the steel matrix by the blown oxygen.
Mathematical Model

Rate Equations of the Refining Periods
From the physical and chemical characteristics, some initial assumptions were made for the combined blowing AOD process of stainless steel. On the basis of the assumptions, the average oxidation rates of the four elements in the steel at high carbon contents, the overall decarburization rates resulted from the top and side blowing oxygen at low carbon concentrations can be obtained. Besides, the average decarburization rates in the simple side blowing after finishing oxygen top blowing and in the Ar stirring and reduction refining after terminating oxygen supply can be derived, respectively. Correspondingly, the concentration change rates of Cr, Si and Mn in the steel can be obtained from the decarburization rate.
Temperature Field in Refractory Lining
The bath is always in different non-isothermal conditions during the whole refining process. Changing uninterruptedly in the bath temperature directly influences the equlibria and rates of the refining reactions, thus affecting progressing of the process. Physical modeling of this process 17, 19, 20) showed that by driving of multiple gas side blowing streams and impinging of gas top blowing jet, the liquid in the whole bath is in vigorous agitation and circulatory motion during the process. Relevantly, strong convection heat transfer would occur in the bath. On the other hand, there exist the heat sources arisen from the oxidation reactions of elements and the post-combustion of CO escaping from the bath in the system. Simultaneously, the heat of the system can be lost by conduction and adsorption of the lining and shell during the rising-temperature process of the bath; by radiation; by the operations of sampling, measuring the temperature, and adding slagging and metallic materials; and by other factors.
As mentioned above, in the preliminary investigation, [14] [15] [16] the heat transfer of the vessel was approximately dealt with in terms of the one-dimensional transient heatconduction of different multilayer plates. The results obtained in this way would have larger deviations from the realities. In order to enhance the precision of mathematical modeling, the relevant heat transfer characteristics have been analyzed in terms of the two-dimensional transient heat-conduction of different composite multilayer walls in this study. The vessel is divided into four parts: the bottom, the lower (the position below the slag line), the upper (the location non-contacted with the melts), and the top. In the practical process, the heat exchange behaviors of the vessel with the molten steel and its surroundings are considerably complicate; the appropriate boundary conditions should be separately treated. In this work, a third kind boundary condition is taken for the outer interface of the vessel. The relevant heat transfer coefficients by convection and radiation are converted into a combined one. For the lower and bottom of the vessel, the first kind boundary conditions are all used. For the upper and top regions of the vessel over the bath surface, also, the third kind boundary conditions are similarly taken. Their heat transfer coefficients by convection and radiation are converted into a combined one, respectively. Thus, corresponding to Eq. for the outer surface of the shell, ; S f is the source term, which is related with all the generation and loss terms of heat for each lining part in the refining process, dependent on the heat balance of the system 14) ; a gru , a grt , and a gro are the combined heat transfer coefficients of exhaust gas/upper lining, exhaust gas/top lining, and vessel shell/air interfaces, separately, J · cm
. In the subscripts of T ref , t, u, l, b and m denote the top, upper, lower, bottom of the vessel, and the lining/molten steel interface, respectively; 1, 2 and 0 correspond to the upper and lower sections of the relevant parts, and the initial state, separately. The value ranges of x and y in Eqs. (3)- (10) are dependent on the real system. The temperature profiles in the lining with the shell can be obtained by solving Eq. (1) at the conditions given above, thus providing the necessary and reliable information and a basis for the heat balance of the system.
Heat Balance of the System and Rising Rate of the
Bath Temperature For the system, the heat balance equation can be achieved by considering all the heat in and out as well as the accumulation. Further, the relevant rising rate of the bath temperature can be obtained from the equation. 14) In the equations of the heat balance and rising rate, the overall heat loss of the system includes the heat dissipations of the vessel by conduction and radiation, by all the operations and some uncertain reasons during the refining process. In this work, the bottom, lower and upper, and top of the lining with the shell were referred to as a multilayer plate, composite cylindrical and conical frustum walls, respectively. The heat dissipations of the vessel by conduction and radiation, and the total heat absorbed by the lining were determined from the obtained temperature profiles in the four parts, separately.
Initial and Boundary Conditions
Besides Eqs. (2)- (10), the initial and boundary conditions involved in the model also include the initial masses of liquid steel and slag, the initial temperature and composition; the flow rates of oxygen and inert gas (N 2 or Ar) and their initial temperatures, the temperature of exhaust gas, the outer wall temperatures of the locations of the vessel, the amounts of addition agents and their temperatures, the temperature of lining, and so on. All of these were determined in practices.
Determination of Various Parameters
In this work, the previous calculation 12, 13) was taken to determine the distribution ratios (x i ) of the blown oxygen among the elements dissolved in the steel and the "oxygen supply ratios" (x io ) [14] [15] [16] of the oxides in the slag. Thus, the ratios are proportional to the Gibbs free energies of the oxidation and reduction reactions at the interfaces. Additionally, the activity coefficients of the components in the molten steel and slag, the equilibrium constants and standard Gibbs free energies of the reactions, the mass transfer coefficient of carbon in molten steel, the reaction interface areas in the top, side blowing and reductive refining, the oxidation enthalpies of the elements and other parameters were determined, based on our previous studies. 12, 13, [21] [22] [23] [24] [25] [26] The values of heat conductivities of the refractory materials and shell (steel plate), the densities and specific heats of the related substances were taken from the practice. The combined heat transfer coefficients correlated with the parts of the vessel were determined by reference to the results given in Ref. 27) .
The values of the oxygen utilization ratios in the blowing process used in the preliminary investigation were utilized. Accounting for the existing results 28) and the flow and mixing characteristics in an AOD bath with combined side and top blowing, 17, 19, 20, 29) the relevant melting times of the addition agents, i.e. the time lapse values of their cooling effects, were determined in the light of the respective amounts and bath temperatures at the time of addition.
Numerical Solution
Based on the commercial code of PHOENICS, the related computer program has been worked out for solving the model. According to the program, whether there is the oxygen blowing operation or not is first judged before starting computation. If the process is at the oxidative refining period, the corresponding distribution ratios of blown oxygen are determined from the calculated Gibbs free energies of the oxidative reactions of the elements in the molten steel. Further, the decarburization rates controlled by the oxygen flow rate (dC 1 /dt) and depended on the mass transfer of carbon in the molten steel (dC 2 /dt) are calculated, respectively. Comparing these two rates, if | dC 1 /dt|Ͻ|dC 2 /dt |, the oxidation rates of the other elements are achieved with |dC 1 /dt|. Otherwise, the appropriate oxygen amount consumed for decarburization is attained using | dC 2 /dt|, and the oxidation rates of chromium, silicon, and manganese are computed using the remaining oxygen and the oxygen distribution ratios reached from the Gibbs free energies of their oxidation reactions. Then, the temperature fields of the parts of the lining are solved. The rising rate of the bath temperature is computed from the obtained temperature profiles and relevant heat losses of the parts as well as the heat balance of the system. The composition and temperature of the liquid steel at the next step are obtained by numerical integrating. The temperature fields of the lining are thereafter recalculated. The both mutually influence and alternately change. For solving of the temperature fields of the lining, the governing Eq. (1) and its fixed conditions (Eqs. (2)- (10)) are discretized using a control volume method, and the grid division of all computational domain is taken to be 20ϫ128. The concentrations of the oxides in the slag can be determined from the mass balance of the system. For the Cr reduction period, the Gibbs free energies of the reduction reactions of the oxides are first evaluated. The oxygen supply ratios of the oxides in the slag and (dC 2 /dt) are then calculated to obtain their reduction rates. Finally, the rising rate of the bath temperature and the concentrations of components in the molten steel and slag are computed in terms of the same steps and procedures. Since
FeO is regarded as an intermediate product of the oxygen blowing, its influence on the mass and heat balances in the oxidative refining can be ignored. The outputs of the model are the changes in the composition, temperature and amounts of the molten steel and slag melt, distribution ratios of oxygen among the elements and oxygen supply ratios of the oxides, decarburization rate, and temperature profile in the lining with the refining time.
Analysis and Discussion of Results
Verification of the Model
Five out of 28 heats 304-grade stainless steel refining in a 120 t AOD converter and the relevant operations are presented in Tables 1 to 3. In the practical production, the initial carbon contents of molten steel for all heats were lower than 4.2 mass%, and the initial concentrations of Si were all Յ0.35 mass%. The gas top and side blowing rates in the main decarburization period and the gas side blowing rates in periods 1 to 3 of the dynamic decarburization and reduction period were The carbon and chromium concentrations, bath temperatures at the endpoints of main decarburization and reduction periods of 28 heats predicted by the model are given in Table 4 in comparison to those determined. The maximum absolute deviations of the predicted carbon and chromium concentrations and bath temperatures at the endpoints of main decarburization periods by the model from the determined values are 0.010, 0.647 mass% and 16 K, respectively. The absolute values of the relative average deviations correspond to 1.20, 0.69 and 0.12%, respectively. At the endpoints of reduction, those are 0.0002, 0.263 mass%, 15 K and 0.13, 0.57, 0.13%, separately. These fully demonstrate that the new model can more accurately predict the composition and temperatures of the bath at the endpoints of blowing periods than that proposed previously. [14] [15] [16] Therefore, its reasonability and reliability are well verified.
Changes in Composition and Temperature of Liquid Steel
The changes in the composition of liquid steel and bath temperature during the whole refining process (for heat 490) are presented in Fig. 1 . This heat is the case of higher initial carbon (3.32 mass%). The figures denote, separately: 1, starting oxygen blowing; 2, adding active lime; 3, adding Fe-40Ni; 4, adding high-carbon Fe-Cr; 5, adding scrap or crop ends; 6, adding low-carbon Fe-Mn; 7, adding Fe-Si; 8, adding metallic Ni; 9, endpoint of oxygen top blowing operation; 10, endpoint of period 1 of dynamic decarburization; 11, endpoint of period 2 of dynamic decarburization; Table 1 . Related initial data and total refining times of some heats for 304-grade stainless steel refining in a 120 t AOD converter. Table 2 . Gases and their flow rates used for some heats during combined side and top blowing refining process of 304-grade stainless steel in a 120 t AOD converter.
12, endpoint of oxygen side blowing operation; 13, endpoint of reduction period. At the initial stage of the blowing process, although the bath temperature is relatively lower, the concentrations of C, Cr, Si and Mn in the molten steel all decrease; the oxidation reactions of Si and Mn with low initial contents quickly reach their respective dynamic equilibria and, the both basically no longer consume oxygen. Owing to adding high-carbon Fe-Cr, the Cr concentration increases to some extent. With progressing of the blowing process, the bath temperature fast rises. Relevantly, the oxidative loss of carbon is accelerated and its concentration significantly drops down, to 0.16 mass% when the bath temperature rising to the highest value at the moment of stopping the oxygen top blowing operation, then nearly keeping constant. Thereafter, the bath temperature is gradually falling down by adding of alloy agents, cooling materials and lime. Correspondingly, the oxidation reactions in the steel weaken. Adding high-carbon Fe-Cr increases the C and Cr concentrations. Simultaneously, the oxidation reaction of Cr is aggravated, but its concentration quickly decreases to the lowest value, then gradually approaching a stable state until cutting off oxygen supply by side blowing. In this period, the oxidation reactions of Si and Mn in the steel are not affected by the bath temperature and the oxidation extents of the other elements, basically maintaining their dynamic equilibria. It is necessary to point out that the dynamic equilibria of the oxidation reactions of Si and Mn are all the Table 3 . Addition agents and their amounts used for some heats during combined side and top blowing refining process of 304-grade stainless steel in a 120 t AOD converter. results attained in competition in the case of all the possible reactions in the system simultaneously taking place. [14] [15] [16] With Si and Mn exiting (but still restricting) the competition of consuming oxygen, the oxidation reactions of C and Cr are intensified. In the reduction stage, adding Fe-Mn and Fe-Si leads to an increase in these contents. Mn rapidly attains a new equilibrium. At this time, the reduction of the oxide of Cr in the slag by Si increases the bath temperature again quickly. Additional oxidation of carbon also occurs after its slight concentration increasing. As a result of Cr 2 O 3 reduction by Si, the content of Cr increases fast. The changes in the composition of the molten steel and bath temperature are not completely consistent with our previous investigation due to the discrepancies of the blowing operations and conditions from each other. But the basic patterns roughly are the same each other. For the other heats with a lower initial carbon content, the changing patterns of the composition of liquid steel and bath temperature during the whole refining process are basically the same as those for heat 490. As an example, the results for heat 387 with the initial carbon of 2.00 mass% are shown in Fig. 2 .
Distribution Ratios of Blown Oxygen among Elements and Oxygen Supply Ratios of Oxides
The changes in the distribution ratios of blown oxygen among C, Cr, Si, and Mn dissolved in the molten steel and the oxygen supply ratios of the related oxides in the slag (for heat 385) are illustrated in Figs. 3(a) and 3(b) , respectively.
The results are considered to be reasonable. In spite of low initial content of Si, at the initial blowing period with a relatively low bath temperature, the oxygen consumed by Si still is maximal; and x Si slowly increases. After the content of Cr 2 O 3 in the slag reaches 5 mass% (its solubility in the slag 30) ), it evidently increases (x Cr relevantly reducing), then gradually decreases, and approaches zero with the Si content quickly achieving a dynamic equilibrium value. As presented in Fig. 3(a) , the maximum value of x Si at this stage is 0.42. Since the initial concentration of Mn is also low with its lower affinity with oxygen, x Mn is minimal and constantly decreasing, and also (but non-synchronously with x Si ) approaches zero. For this heat, the maximum value of x Mn at this stage is only 0.12. At the relevant initial carbon concentration and bath temperature, x C at the initial refining stage is about 0.30; x Cr is approximately 0.27. After Si and Mn exiting the competition of consuming oxygen, oxygen is mainly distributed to C and Cr. As well, the bath temperature rapidly heightens due to the oxidation of elements and the post-combustion of CO. Correspondingly, the ratio of oxygen consumed by the carbon uninterruptedly increases to 0.70-0.80. Then, x C stably increases with a sustained decrease in x Cr , and reaches the maximum (0.90) at the critical point of decarburization or the moment of terminating the oxygen top blowing. Adding the alloy agents makes the Si content in the steel slightly increase, thus the former equilibrium dramatically changes, resulting in x Si Ͼ0. The values of the oxygen distribution ratios for various heats are different each other, primarily dependent on the concrete conditions of the bath. Moreover, although Si and Mn no longer consume oxygen after x Si and x Mn are equal to zero, the both do not exit the oxidation-reduction reactions in the system, and still affect the distribution of oxygen between C and Cr. Under a certain condition, a small amount of MnO or SiO 2 in the slag may even be reduced, the relevant x Mn or x Si has a minus value, and the corresponding x C is even larger than one (for heat 479).
After finishing the oxygen top blowing operation, the oxygen blown through the tuyeres is mainly consumed for the oxidative losses of C and Cr in the steel. But, x C is uninterruptedly reducing and x Cr is constantly increasing. It can be seen from Fig. 3 (a) that x Cr quickly increases near the critical point and then is larger than the appropriate x C . The maximum value is about 0.80. It decreases to some extent or is transiently smaller than x C only when changing the oxygen side blowing rate. At this time, x Si may increase in a short time, and then the dynamic equilibrium of Si is continuously maintained, while Mn again demonstrates a demand for oxygen and takes part in the competition of consuming oxygen before the endpoint of the oxygen side blowing.
After oxygen blowing, Ar is continuously blown into the bath through the side tuyeres for agitating with a large amount of Fe-Si and Fe-Mn added to reduce Cr oxide in the slag. The content of SiO 2 in the slag rapidly increases with the reduction of the chromium oxide. As shown in Fig.  3(b) , x SiO 2 presents a large minus value, while x Cr 2 O 3 has a smaller positive value. Cr 2 O 3 in the slag still gives a certain contribution to decarburization in the case of its reduction by abundant Si. [21] [22] [23] As shown in Fig. 3(b) , x FeO approaches a considerable positive value, and even can always be larger than x Cr 2 O 3 at a certain condition (for heat 479). This indicates that FeO in the slag offers a larger amount of oxygen for the losses of Si and C. Except in the earlier stage of reduction, MnO in the slag basically does not supply oxygen.
It is necessary to point out that the values of the distribution ratios of oxygen and oxygen supply ratios of the oxides given are dependent not only on the Gibbs free energies of the reactions, but also on the composition and temperature of the bath. The latter are strongly related to many factors, such as the blowing conditions, the flow and mixing in the bath during the blowing process, the kinetics of the refining process, the heat and mass balances in the system, etc. Figure 4 gives the change in the total (combined blowing) decarburization rate (for heat 385). As blowing process proceeds with bath temperature rising, the decarburization rate gradually increases. Then, it attains a relatively stable value in a short time. Appropriately, the rate is directly affected by the oxygen flow rate. Moreover, adding the alloy agents and slag materials and scrap or crop ends can also influence the combined equilibrium at the reaction interface and x C , thus changing the decarburization rate. After the carbon content of molten steel reduces to a low level and achieves the critical point value, the decarburization rate obeys dependently on the mass transfer of carbon in liquid steel. However, at this moment, the decarburization is still concerned with the oxygen flow rate, only its action is greatly weakened. In the Ar agitating stage after oxygen supply, the bubbles generated by Ar blown through the tuyeres have a diluting role to CO, the decarburization process is still proceeding. Si in the added ferrosilicon can make carbon activity rise. Its concentration at the interface further decrease to a lower level, and its deoxidation power increases to some extent. Thus, the decarburization rate also increases slightly. For this heat, the critical point of combined decarburization is (1096 s, 1.9239ϫ10 Ϫ3 mass%/s). For heats 462 and 479, the points are (1230 s, 2.7471ϫ 10 Ϫ3 mass%/s), (1358 s, 5.5930ϫ10 Ϫ4 mass%/s), respectively. Figure 4 also gives the changes in the decarburization rates of the top and, side blowing with the refining time for heat 385. At the combined blowing period, the decarburization rate resulted from side blowing is larger than that by top blowing. This is contrary to the result obtained in the previous investigation with a larger oxygen top blowing rate. [14] [15] [16] The contributions of the oxygen top blowing to the total decarburization under the present conditions are about 40-50%. When the initial carbon level is high, adding the oxygen top blowing operation to the traditional (simple side blowing) AOD refining process can remarkably intensify the decarburization, resulting in shortening the decarburization time.
Decarburization Rate and Critical Carbon Concentration
With regard to the critical carbon concentration of decarburization, on the one hand, it is dependent upon the thermodynamic and kinetic considerations in the process and system. Further, it is also affected by many factors, such as the bath composition and temperature, the activities of components in the steel and slag, the partial pressure of CO, the blowing rates of oxygen and inert gas, the stirring and mixing state in the bath, the reaction interface, the geometry of the vessel, etc.
13) The results showed that under the present conditions, the critical carbon content for the overall decarburization refining process is in the range of (0.145-0.255) mass%. This is lower than that obtained in our previous investigation with an initial carbon content of 4.2 mass%. [14] [15] [16] Furthermore, the critical points of decarburization for top and side blowing are also different each other, without coinciding with that of the relevant combined blowing. Usually, the point for the top blowing earliest occurs, and that for the side blowing latest emerges. For the top and side blowing processes of heat 385, the appropriate critical carbon concentrations are 0.942 and 0.224 mass%. For heats 462 and 479, those are 1.895, 1.218 mass% and, 0.195, 0.145 mass%, respectively.
Effect of Initial Temperature of Molten Steel
Properly raising the starting blowing temperature would be beneficial to removing the carbon in the steel and enhancing the chromium recovery. However, the situations for various heats are different each other. The effect of the initial temperature of molten steel was examined. Varying the initial temperature with extent Ϯ10 K, while keeping the other conditions constant, heat 385 was predicted as given in Fig. 5 .
In the case of higher initial temperature (ϩ10 K), at the reduction endpoint of this heat, the carbon content decreases from 0.035 to 0.034 mass%, and the chromium content increases from 17.90 to 17.92 mass%. The bath temperature is contrary slightly lower. With lower initial temperature (Ϫ10 K), the relevant carbon content increases to 0.036 mass%, while the chromium content decreases to 17.88 mass%. The bath temperature increases by 1 K. This suggests that suitably enhancing the initial temperature of molten steel is favorable to carbon removal and chromium recovery. As for the bath temperature at the reduction endpoint, it is also related to the addition amounts of Fe-Mn and Fe-Si, the Ar blowing rate and the concrete situations of the bath and others, besides the initial temperature. As presented in Fig. 5(c) , the changes in the bath temperatures of the three cases before adding Fe-Si are all more stable, and after that, the temperature discrepancies among the three gradually lessens.
It should be said that the deviation of Ϯ10 K is not significant. However, it is well known that the refining operations corresponding to different starting blowing temperatures, particularly the times and amounts of adding agents, the total refining time and others, must be different each other. The fixed operations of the original process, obviously, are no longer reasonable and cannot be used again for that with large deviation in initial temperature. Therefore, in the case of maintaining the other initial and boundary conditions constant, it is not suitable to take large deviation in the temperature. Otherwise, there is no comparability of the model predictions for different refining processes only with different initial temperatures. This is the main reason why the deviation of Ϯ10 K has been chosen here. It is also necessary to point out that the model outputs in composition at the deviation are within analytical errors, although a changing tendency can be seen. The precision of the predictions by the new model is also much higher than that given in our preliminary investigation. 15) Generally, a lower carbon content and smaller chromium loss at the refining endpoint can be attained with a higher initial temperature of molten steel. As well, the amount of Cr 2 O 3 needed to be reduced by Si in the reduction stage is smaller. Thus, the concentration of Si at the reduction endpoint is higher with a same addition of Fe-Si. As a result, it would be ensured in practical producing that the initial temperature of molten steel and starting blowing temperature are high enough to conduct successfully the refining process and to obtain a better refining result.
Influence of Gas Blowing
Rates on the Decarburization Process The gas flow rates influence the oxidation of the elements dissolved in the steel. And, these have much to do with optimizing of the ratio of oxygen to inert gas (N 2 or Ar). The model predictions clearly illustrate that the critical point always emerges before the endpoint of the main decarburization period in the blowing practice (Fig. 3) . The surplus oxygen is almost all consumed for the loss of the chromium after the critical point. This suggests that in the practice, the main decarburization stage is too long. It may result in increasing the consumptions of reductants, slag materials, and oxygen, and in prolonging the refining time. It may also lower the working life of the lining. In fact, the supplied oxygen before the critical point is often inadequate in this practice. As far as the process optimization is concerned, this kind of blowing practice is evidently not reasonable.
Although the oxygen top blowing operation can obviously accelerate the decarburization of the earlier stage of refining, the results of physical modeling 17, 19, 20, 29) indicated that the existence of a gas top blowing jet is not advantageous to the liquid mixing in the bath. Under the conditions of simple side blowing, appropriately increasing the oxygen and nitrogen blowing rates in a certain range can cause a more optimal mixing effectiveness. That is favorable to intensifying the decarburization in the main decarburization period and to raising the rising rate of the bath temperature. 13) Aiming at determining the effect of the gas blowing rates on the refining result along with optimizing the oxygen top and side blowing rates, the refining processes with the assumed operating modes for heat 387 featuring a lower initial C content (2.0 mass%) were evaluated using the model. Here, the ratio of oxygen to inert gas is relevantly tried to optimize. The oxygen top blowing rate, the oxygen and nitrogen side blowing rates and the Ar flow rate in the reduction period were adjusted. The assumed operating modes are listed in Table 5 with plotting in Fig. 6 (for mode 1) and Fig. 7 (for mode 4) . The values focused on are listed in Table 6 .
Comparative to those of the existing practice (Fig. 2) , at the reduction endpoint of mode 1, the carbon content slightly decreases, the chromium content increases, and the bath temperature is essentially constant. With mode 2, the efficiency of carbon removal is better and the loss of Cr also somewhat lowers, with decreasing of the endpoint bath temperatures of the main decarburization and reduction periods respectively by about 33 and 3 K. This presents that at relatively low initial carbon levels, using the simple side blowing with a raised oxygen flow rate can also attain a better refining result. The endpoint carbon content of the reduction period for mode 3 further decreases, but the efficiency of preserving chromium decreases to some extent and the bath temperature obviously rises. In the case of mode 4, the carbon concentration is as low as 0.0149 mass% and the chromium content is as high as 17.902 mass% at the reduction endpoint, respectively decreasing and increasing by 0.021 and 0.26 mass%. Simultaneously, the endpoint bath temperatures at the main decarburization and reduction periods decrease by about 17 and 2 K, respectively. The composite refining result is much superior to that in the existing practice. This is resulted from improving the blowing operation. The improvement involves reducing the oxygen top blowing rate contrary with increasing the oxygen and nitrogen side blowing rates in the main decarburization period, decreasing the oxygen side blowing rates along with increasing the nitrogen blowing rates in the dynamic decarburization periods to lower the relevant ratios of oxygen to nitrogen, and raising the Ar flow rate in the reduction period.
Thus, suitably adjusting the oxygen and nitrogen blowing rates with reducing the ratios of oxygen to nitrogen of the blowing periods, can evidently improve the refining effectiveness. For the combined refining process, decreasing the oxygen top blowing rate and increasing the oxygen and nitrogen side blowing rates depending on the initial carbon content and temperature of molten steel can raise the oxygen utilization efficiencies, resulting in acceleration of the decarburization. After the critical point, decreasing the oxygen side blowing rate and enhancing the nitrogen flow rate to lower the ratio of oxygen to nitrogen can more effectively dilute CO by N 2 , further promoting the decarburization. Appropriately enlarging the Ar flow rate in the reduction period is conducible to deep decarburizing and to further reducing of the Cr 2 O 3 in the slag.
Conclusions
(1) The mathematical model proposed can well reflect the actualities in the combined side and top blowing AOD process of stainless steel. It can accurately calculate the changes in the concentrations of C, Cr, Si, and Mn in the steel and bath temperature with the refining time during the whole process.
(2) The Gibbs free energies of the oxidation and reduction reactions can be utilized to characterize well the competitive oxidation among the elements in the steel and the competitive reduction of the oxides in the slag, as well to determine reasonably the relevant oxygen distribution ratios of the elements and oxygen supply ratios of the oxides. (4) The starting blowing temperature should be high enough to progress smoothly the refining process and to achieve a good refining effectiveness.
(5) Suitably determining the oxygen top and side blowing rates with the oxygen ratios to nitrogen is important for optimizing the blowing technology.
(6) Relative to the existing practice, properly decreasing the oxygen top blowing rate and increasing the oxygen and nitrogen flow rates from side tuyeres can intensify the decarburization in the main decarburization period. After the critical point, suitably reducing the oxygen side blowing rate and enhancing the nitrogen flow rate can further promote the decarburization. Raising the Ar flow rate in the reduction period is conducible to deep decarburizing and to further reducing the Cr 2 O 3 in the slag.
(7) The model can provide a reliable basis and useful information for determining and optimizing the technology of the combined blowing AOD process of stainless steel, and controlling the process in real time and on-line.
